The introduction of imatinib mesylate (IM) has transformed the treatment of chronic myeloid leukemia (CML), however a significant minority of patients does not respond and others lose response during treatment. Such states reflect IM resistance in the whole cell population, however suboptimal responses may represent the persistence of a subpopulation of insensitive leukemic stem cells (LSCs). [1] [2] [3] [4] One possible mechanism of LSC persistence is the limitation of intracellular drug concentration due to the activity of ATP binding cassette (ABC) drugresistance proteins as seen previously with conventional chemotherapeutics. 5 One such transporter, ABCG2, is highly expressed on normal stem cell populations 6 and as such may also be expected to be expressed on LSCs.
Introduction
The introduction of imatinib mesylate (IM) has transformed the treatment of chronic myeloid leukemia (CML), however a significant minority of patients does not respond and others lose response during treatment. Such states reflect IM resistance in the whole cell population, however suboptimal responses may represent the persistence of a subpopulation of insensitive leukemic stem cells (LSCs). [1] [2] [3] [4] One possible mechanism of LSC persistence is the limitation of intracellular drug concentration due to the activity of ATP binding cassette (ABC) drugresistance proteins as seen previously with conventional chemotherapeutics. 5 One such transporter, ABCG2, is highly expressed on normal stem cell populations 6 and as such may also be expected to be expressed on LSCs.
There have been a number of convincing but contradictory reports on the interaction of IM with ABCG2. Houghton et al 7 found IM to be a potent inhibitor of ABCG2, but not a substrate; Burger et al 8 found IM to be a substrate; and importantly, Nakanishi et al 9 showed that Bcr-Abl itself may regulate ABCG2 protein expression via AKT activity and suggest that ABCG2 may be a mediator of IM resistance. However, these studies all used cell lines that had been engineered to express ABCG2.
It was therefore, critical to look at this potential transporter for IM in primary CML cells and particularly within the LSC compartment. We report here our investigation of the expression and function of ABCG2 on primary CD34 ϩ CML cells, and the effect of this transporter on cellular IM levels and their response to this drug.
Study design Primary cell samples and cell lines
Leukapheresis products from chronic-phase CML patients at diagnosis prior to IM treatment were obtained with informed consent in accordance with the Declaration of Helsinki, and with the approval of the Glasgow Royal Infirmary Ethics Committee, and enriched for CD34 ϩ cells using CLINIMACS (Miltenyi Biotec, Bisley, United Kingdom). CD34 ϩ cells were confirmed to be Bcr-Abl ϩ by fluorescence in situ hybridization (FISH) and cultured in growth factor medium (5GF) as previously published. 1 Normal CD34 ϩ cells were purchased from Cambrex Bioscience (Wokingham, United Kingdom). AML6.2 (ABCG2 high) and OCI-AML3 (parental ABCG2 negative) cell lines 10 were from Dr Brian Sorrentino (St Jude Children's Research Hospital, Memphis, TN).
Efflux studies
The efflux protocol was a modification of that previously described 11 using the ABCG2-specific inhibitor fumitremorgin C (FTC; Dr R Robey, Center for Cancer Research, NIH, Bethesda, MD). Cells were incubated with Ϯ 10 M FTC Ϯ 5 M IM (Novartis Pharma, Basel, Switzerland) for 15 minutes to block pump activity before the addition of 200 nM BODIPY-Prazosin (B-P; Molecular Probes, Eugene, OR) and a further 30-minute incubation. Cells were then washed and incubated Ϯ 10 M FTC/5 M IM for 60 minutes to allow efflux before being washed in ice-cold medium and analyzed.
Determination of cellular drug levels and effect of ABCG2 inhibition ABCG2 activity was preinhibited as described under "Efflux studies" before the addition of 14 
Results and discussion

ABCG2 is overexpressed in CD34 ؉ CML cells
Using quantitative polymerase chain reaction (PCR) and previously published primers and probes, 13 we determined that normal CD34 ϩ samples resulted in a mean ⌬CT value of 15.2 Ϯ 0.8 compared with 12.5 Ϯ 0.5 in CML CD34 ϩ cells (P Ͻ .01). Consequently, the calculated 2 -⌬⌬CT value determined that CML CD34 ϩ cells expressed 6.8-fold more ABCG2 than their normal counterparts. [16] [17] [18] Thus, our data suggest that ABCG2 is aberrantly expressed in an increased proportion of CD34 ϩ cells than in the equivalent normal cell population.
Overexpressed ABCG2 is functional and is inhibited by IM
To determine whether the ABCG2 expressed on CML cells was capable of efflux, we used the specific substrate B-P. Using AML6.2 and AML3, we established that B-P was maximally effluxed after 60 minutes and that efflux was inhibited by 10 M FTC ( Figure 1A ). Of importance, IM resulted in a dosedependent decrease in efflux, with inhibition equivalent to 10 M FTC seen at 0.5 M or more IM.
We examined the ABCG2-mediated efflux capacity and interaction with IM in 6 individual CML CD34 ϩ samples. To reduce interexperimental variation, the GM of cells maximally loaded with B-P ϩ FTC was used as an internal control and considered as 100% B-P retention. In the absence of FTC, there was significant efflux from CML CD34 ϩ cells (retention ϭ 54.4% Ϯ 19.3% of control; P ϭ .04). As in cell lines, this efflux was also completely inhibited by the addition of therapeutic concentrations (Ն 0.5 M) of IM, with 5 M IM resulting in retention of 223.5% Ϯ 66.4% of control (P ϭ .03 to B-P alone, P ϭ NS to B-P ϩ FTC; Figure 1C-D) . The combination of FTC and IM had no further effect. In contrast, when we looked at 2 samples of normal CD34 ϩ cells we did not observe any B-P efflux ( Figure 1B) , again supporting the hypothesis that ABCG2 is expressed on a greater proportion of CD34 ϩ cells in CML. This finding supports the findings of Nakanishi et al 9 who demonstrated that Bcr-Abl up-regulates ABCG2 protein via AKT activity in cell lines.
ABCG2 inhibition does not alter the response to IM
Thus, overexpression of ABCG2 on CML CD34 ϩ cells results in increased efflux activity that can be inhibited by IM. However, these data do not definitively discriminate between the activity of IM as inhibitor rather than a competitive For personal use only. on January 1, 2018. by guest www.bloodjournal.org From substrate. As this was the main point of debate in previous reports, [7] [8] [9] we looked directly at cellular levels of drug in primary primitive CML cells and the effect of ABCG2 inhibition on the response to IM.
If IM were a substrate of ABCG2, then cotreatment with FTC should enhance the effect of IM. Cells cultured with 5GF alone and seeded at 1 ϫ 10 5 cells at day 0 generated 14.0 Ϯ 3.7 ϫ 10 5 cells after 72 hours. FTC alone had no effect on the total output of viable cells (13.6 Ϯ 3.3 ϫ 10 5 ). IM (5 M) reduced the total output of cells per culture to 4.65 Ϯ 1.3 ϫ 10 5 , however, the combination of IM ϩ FTC did not result in any further significant decrease (3.9 Ϯ 1.1 ϫ 10 5 ) (Figure 2A ). These data were consistent with IM being an inhibitor, but not a substrate, for ABCG2 and contrast with those of Nakanishi et al 9 who, using ABCG2-transduced K562 cells, saw a slight additive effect of IM and FTC and concluded that IM may be a substrate for this transporter.
IM is an inhibitor of ABCG2 in CML CD34 ؉ cells
We established cellular drug concentration assays using AML3, AML6.2 ( Figure 2B,D) , and CD34 ϩ CML ( Figure 2C ,E) cells. CML CD34 ϩ cells accumulated 3 H-mitoxantrone, a known substrate of ABCG2, in a concentration-dependent manner ( Figure 2C ). This accumulation was significantly increased by the addition of 10 M FTC, confirming ABCG2-mediated efflux. Replacing FTC with 5 M IM resulted in a similar increase in 3 H-mitoxantrone accumulation, confirming the activity of IM as an ABCG2 inhibitor. In contrast, when the cells were incubated with 14 C-IM, there was no difference between the accumulation in AML3 (ABCG2 Ϫ ) or AML6.2 (ABCG2 ϩ ) cells and FTC had no effect on the accumulation in either cell line or CML cells ( Figure 2D -E). Hence IM is not an ABCG2 substrate. These assays also allowed us to determine the cellular concentration of IM in these cells. The 14 C-IM measured in CML CD34 ϩ cells was equivalent to 180 ng or 306 pmol per 5 ϫ 10 5 cells, which was unaffected by treatment with FTC.
Together these data show for the first time that ABCG2 is up-regulated in CD34 ϩ CML cells. These results complement those of Nakanishi et al 9 with regard to Bcr-Abl regulating ABCG2 expression. However, of more importance from a clinical perspective, we have direct and conclusive evidence that IM is an inhibitor of, but not a substrate for, ABCG2 in primary cells. Therefore, the aberrant ABCG2 expression will neither affect intracellular IM concentration nor mediate resistance in this population. 
